We found that aquatic crustaceans, decapoda; atyidae (Caridina multidentata, Neocaridina denticulate, and Paratya compressa), metabolize pyrene to a new conjugation product. The results of deconjugation treatments indicated that glucose and sulfate combined with 1-hydroxypyrene. Further analysis by LC/ESI-MS/MS showed that the molecular weight of the product was 460 (m/z 459; deprotonated ion), and that it has a glucose-sulfate moiety (m/z 241; fragment ion). These results indicated that the new metabolite was the glucose-sulfate conjugate of 1-hydroxypyrene. The glucose-sulfate conjugate is a phase-2 product that has not been reported previously from any organism. Several studies have demonstrated that sulfation is an important pathway for metabolism of xenobiotics in aquatic invertebrates. Thus, glucose-sulfate conjugates may add an important signal for excretion or sequestration of xenobiotics for aquatic invertebrates.
Introduction
Organisms show a wide degree of variation in the ability to metabolize xenobiotics [1] . These variations cause a range of tolerance between species. Metabolism of xenobiotics is carried out mainly in the liver and in the mid-gut gland, the hepatopancreas, in vertebrates and invertebrates, respectively. Metabolism is often classified into three phases: phase-1 (oxidation), phase-2 (conjugation), and phase-3 (excretion). Phase-1 is mediated primarily by the cytochrome P450 (CYP) family of microsomal enzymes [2, 3] . The phase-1 oxidative reaction adds specific sites where the phase-2 process can then occur [2] . Phase-2 reactions are condensations of xenobiotics or phase-1 products with biomolecules. This process can increase the molecular weight and generally increase the water-solubility of xenobiotics [2] . Phase-3 processes result in excretion of metabolites by membrane proteins, such as ATP binding cassette (ABC) transporters [4 -6] , as phase-2 conjugates are typically too hydrophilic to passively diffuse across the cell membrane [2] . Several previous studies have indicated that CYP family members and conjugation products differ between vertebrates and invertebrates [7 -11] . For example, CYP1A family members are important phase-1 enzymes in the metabolism of aryl compounds in vertebrates, but no sequence data are available for CYP1A family members in invertebrates [9 -12] . Moreover, glucuronides, sulfates, and glutathione-derived conjugates are typical phase-2 metabolites of aryl compounds formed in vertebrates [2] . On the other hand, the major phase-2 metabolites of aryl compounds in invertebrates are glucosides and sulfates [13] [14] [15] [16] [17] . Furthermore, several studies have shown that invertebrates form conjugation metabolites that have never been confirmed in vertebrates [17, 18] . Our previous study also indicated that the aquatic crustacean Daphnia magna forms conjugation metabolites of pyrene that have not been reported previously [7] . These results indicated that invertebrates have unique mechanisms for the metabolism of xenobiotics as compared to vertebrates. Invertebrates account for 95% of the total biomass of animals, and are therefore important components of the ecosystem. However, there is still insufficient information regarding the mechanisms of xenobiotic metabolism by invertebrates. To gain a better understanding of the impact of anthropogenic and natural toxins in the ecosystem, it is important to elucidate the mechanisms of xenobiotic metabolism and the physiological functions in invertebrates. The present study was performed to investigate the mechanisms of xenobiotic metabolism of crustaceans, which are the predominant invertebrates in aquatic environments. We exposed freshwater decapoda; atyidae; Caridina multidentata, Neocaridina denticulate, and Paratya compressa, which generally inhabit Japanese rivers, to pyrene. In addition, we investigated the formation of pyrene metabolites paying special attention to phase-2 metabolites. Structural identification of metabolites was performed by both enzymatic deconjugation and high-performance liquid chromatography (HPLC) with an electrospray ionization triple quadrupole mass spectrometry detector (ESI-MS/MS). Furthermore, we compared the mechanisms of xenobiotic metabolism in these freshwater decapoda to those in other species, and estimated the characteristics of xenobiotic metabolism of aquatic invertebrates. 
Materials and methods

Chemicals
Experimental animals
C. multidentata and N. denticulate were captured from the river in Kitakyushu City (Southwest Japan), and P. compressa was obtained from the National Institute for Environmental Studies (Tsukuba, Japan). Each organism was kept in the laboratory at 20°C under a 16-h light/8-h dark photoperiod in aged tap water with commercial shrimp food.
Exposure of each organism to pyrene
In this experiment, we used only adult freshwater shrimp that had been starved for 8-24 h. Ten individuals of each species were exposed to 0.67 mg l -1 of pyrene (2 ml of 500 mg l -1 pyrene in ethanol added to 1.5 L of water). As a control, pyrene was not added (2 ml of ethanol was added). The exposure experiment was performed at 20°C in the dark for 24 h.
Analysis of pyrene metabolites
Cleanup and analytical methods of pyrene metabolites were based on the methods described in our previous study [7] . Briefly, after 24-h exposure, water was filtered with a glass filter (GF/C; Whatman, Int. Ltd., Kent, UK). The filtered water was then passed through a solid-phase cartridge (PS-2 plus; Waters, Milford, MA, USA), and eluted with 10 ml of 70% methanol. The methanol solution was dried under a gentle stream of nitrogen gas, and re-solved in 0.5 ml of methanol. Pyrene metabolites were determined by HPLC (LC-VP series; Shimadzu, Kyoto, Japan) with a fluorescence detector (FD) (RF-10AXL; Shimadzu) equipped with an ODS column (Inertsil ODS-3 150 mm×2.1 mm I.D. (5 µm); GL Sciences, Inc.). The HPLC conditions were as follows. Aliquots of 5 µl of each sample were injected and separated using a linear gradient of aqueous buffer and acetonitrile at a flow rate of 0.2 ml min -1
. The buffer consisted of 10 mM ammonium acetate, adjusted to pH 5 with 10 mM acetic acid. The gradient was programmed as follows: t=0 min: 20% acetonitrile, t=27 min: 40% acetonitrile, t=42 min: 100% acetonitrile, isocratic at 100% acetonitrile for 5 min. The column temperature was kept at 45°C. Excitation (EX) and emission (EM) wavelengths for FD were 343 nm and 385 nm, respectively.
LC/ESI-MS/MS system
HPLC (NANOSPACE SI-2 series; Shiseido Co., Ltd., Tokyo, Japan) with an electrospray ionization triple quadrupole mass spectrometry detector (ESI-MS/MS) (API 3000 TM LC/MS/MS system; Applied Biosystems, CA, USA) was used to identify the pyrene metabolites formed by each organism. The chromatographic method used was identical to those described above . The ESI conditions were full scan (m/z 50 to m/z 700) negative mode with ion source voltage of -4.2 kV and an ion source temperature of 420°C.
Deconjugation
Deconjugation was performed based on the method described by Kukkonen and Oikari [14] . Briefly, sulfatase, β-glucuronidase, and β-glucosidase were dissolved in 0.1 M sodium acetate buffer (pH 5.0) to concentrations of 20 units ml -1 , 6000 units ml -1 , and 28 units ml -1 , respectively. The methanol solution was concentrated under a gentle stream of nitrogen gas, dissolved in 300 µl of 0.1 M sodium acetate buffer (pH 5.0), and 700 µl of each deconjugation enzyme was added. In the controls, 1 mg of bovine serum albumin was added. After 8 h of incubation at 37°C, 1000 µl of methanol was added to stop the reaction. The deconjugated compounds were analyzed by both LC/FD and LC/ESI-MS/MS. Fig. 1 shows LC/FD chromatograms seen with pyrene exposure (A: control, B: C. multidentata, C: N. denticulate, and D: P. compressa). Seven characteristic peaks (peak-a, peak-b, peak-c, peak-d, peak-e, peak-f, and peak-g) were observed in the pyrene exposure treatment group, but not in the controls. Thus, these seven peaks were considered to be pyrene-derived substances. The retention times (Rt) of each peak are shown in Table 1 . The major peaks observed in C. multidentata, N. denticulate, and P. compressa were peak-f, peak-g, and peak-e, respectively. Fig. 2 shows the full scan ESI negative mass spectra of peak-e (Rt of 23.5 min), peak-f (Rt of 29.3 min), and peak-g (Rt of 30.2 min). The precursor ions of peak-a, peak-b, peak-c, and peak-d could not be identified, because of their low concentration or ionization disturbance by other impurities. However, in precursor ion scan mode of m/z 217 (characteristic m/z of 1-hydroxypyrene), several ions were obtained from these peaks (data not shown). Thus, peak-a, peak-b, peak-c, and peak-d were considered to be the conjugation products of 1-hydroxypyrene. On the other hand, peak-e contained major ions at m/z 439, 415, 379, and 217. Stroomberg et al. [18] demonstrated that 1-hydroxypyrene glucoside (MW = 380) was found at m/z of 439 (ESI -). This ratio 60 m/z units higher than the expected m/z of deprotonated 1-hydroxypyrene glucoside (m/z = 379) is indicative of acetate adduct formation during ionization. Thus, peak-e (m/z = 439) was considered to be the 1-hydroxypyrene glucoside. Peak-g (RT = 30.2 min) contained a major ion at m/z 297. Our previous study showed that Rt of 1-hydroxypyrene sulfate was 30.2 min, consistent with the Rt of peak-g [7] . The m/z 297 also corresponds to the molecular ion of deprotonated 1-hydroxypyrene sulfate. Thus, peak-g (Rt = 30.2 min) was considered to be 1-hydroxypyrene sulfate. On the other hand, peak-f (Rt = 29.3 min) contained a major ion at m/z 459. Our previous study showed that D. magna also forms a pyrene metabolite with the major ion of m/z 459, although its Rt did not correspond to peak-f (Rt of m/z 459 metabolites formed by D. magna was 23.3 min) [7] . To our knowledge, the structure of the pyrene metabolite at m/z 459 has not been reported previously, and is therefore considered to be a new pyrene metabolite.
Results and Discussion
Characterization of pyrene metabolites formed by each organism
Structure of the new phase-2 metabolite (peak-f) formed by freshwater shrimp; decapoda; atyidae
To identify the structure of the new pyrene metabolite (peak-f) formed by C. multidentata, N. denticulate, and P. compressa, the metabolite was treated with sulfatase, β-glucuronidase, and β-glucosidase (Fig. 3) . The Rt and mass spectrum of peak-f showed no changes with β-glucuronidase or β-glucosidase treatment. However, with sulfatase treatment, Rt of peak-f shifted to 23.5 min, and the mass spectrum changed to m/z 439, 415, and 217 ( Fig. 3B; peak-f2) . The Rt and mass spectrum of peak-f2 were consistent with peak-e, which is considered to be the 1-hydroxypyrene glucoside. Peak-f2 was further treated with sulfatase, β-glucuronidase, and β-glucosidase. The Rt and mass spectrum did not change after sulfatase or β-glucuronidase treatment. On the other hand, with β-glucosidase treatment, the Rt of peak-f2 shifted to 37.1 min and the mass spectrum changed to m/z 217 ( Fig. 3C ; peak-f3). The Rt and mass spectrum of peak-f3 were consistent with 1-hydroxypyrene. Our results of deconjugation indicated that glucose and sulfate combined with 1-hydroxypyrene. In addition, the molecular order of the combination was sulfate, glucose, and 1-hydroxypyrene. Fig. 4 shows the LC/ESI-MS/MS mass spectra of the product ion of m/z 459. We showed that the major fragment was m/z 241 with minor fragments of m/z 379, 289, 259, and 97. The major fragment with m/z 241 could be attributed to the glucoside-sulfate moiety after the neutral loss of 1-hydroxypyrene. The fragment of m/z 379 formed after loss of the sulfate moiety (neutral loss = 80). The fragment with m/z 97 was considered to be the sulfate moiety. On the other hand, those at m/z 259 and m/z 289 were considered to be the common fragments of glycoconjugates [18, 19] . Our results of LC/ESI-MS/MS analysis and deconjugation indicated that peak-f was the glucose-sulfate conjugate of 1-hydroxypyrene. Glucose-sulfate conjugate was a conjugation product that has not been reported previously in any organism. On the other hand, the LC/ESI-MS/MS fragment pattern of the m/z 459 metabolite formed by D. magna was rather different from that of the glucose-sulfate conjugate formed by these shrimp. Thus, the m/z 459 metabolite formed by D. magna may be the isomer or a different conjugation product of 1-hydroxypyrene with the same m/z.
The role of glucose-sulfate conjugation formed by freshwater shrimp; decapoda; atyidae
Glucuronides, glucosides, sulfates, and glutathione-derived conjugates have been reported as major conjugation products of PAHs formed by various organisms [2] . On the other hand, Stroomberg et al. [18] determined the structure of a conjugation metabolite of pyrene formed by isopods (Porcellio scaber) and collembolans (Folsomia candida) as pyrene-1-O-(6"-O-malonyl)-glucoside, which is the first reported conjugate formed by animals. On the other hand, malonyl-glycosides are well-known conjugation products formed by plants [19] [20] [21] [22] [23] [24] . Glucose conjugates formed by various plants are often further conjugated by malonic acid or pentosyl units of hemicellulose, such as apiose or xylose, and form glucose-malonate or glucose-pentosyls [19] [20] [21] [22] [23] [24] . Day and Saunders [23] demonstrated roles of these additional conjugation processes as signals of sequestration of phase-2 metabolites in the plant cell (phase-3 processes for plants). For example, apiose-glycosides of chlorophenols formed by Lemna minor are sequestrated into cell walls, and malonyl-glycosides are sequestrated into vacuoles [23] . These observations indicated that glucose conjugates further conjugated with malonic acid or apiose could have a specific signal for sequestration in plant cells. We showed that freshwater shrimp (decapoda; atyidae; C. multidentata, N. denticulate and P. compressa) metabolize pyrene to glucose-sulfate conjugates. These are the first conjugation products reported to date in any species. The glucose-sulfate conjugate of 1-hydroxypyrene is the predominant metabolite of these shrimp, especially C. multidentata, and therefore this metabolic process is considered important. However, the question remains why they make glucose-sulfate conjugates although they make both glucose and sulfate conjugates. To answer this question, we considered the role of sulfation of glucose. Sulfation of sugar commonly creates additional structural variety [25, 26] . The addition of sulfonate groups creates a negatively charged molecular environment at physiological pH that can induce conformational changes, alter solubility, and promote ionic interactions, all of which can significantly influence biological activity [25, 26] . Furthermore, ABC transporters such as Multixenobiotic Resistance Protein (MRP) and P-glycoprotein are important transporters for excretion of xenobiotics across the cell membrane (Phase-3 processes for animals) [4 -6] . Especially, MRP is an organic anion transporter with high activity toward compounds conjugated to glutathione (GSH), glucuronide, or sulfate [27] [28] [29] . The sulfation of glucose conjugate could add a negative charge to the molecules, and may stimulate the excretion of xenobiotics by transporters such as MRP. The aquatic environment is the major storehouse of sulfate and contains more than 95% of the total amount of sulfate on the Earth [30] . In mammals, sulfation of aryl compounds occurs predominant in the initial stage of metabolism, but is soon saturated because of exhaustion of sulfate ions, and glucuronidation then takes place [2] . However, aquatic invertebrates live under sulfate-rich conditions, and therefore they may not be subject to exhaustion of sulfate ions from their bodies. Several studies have demonstrated that sulfation is an important pathway for metabolism of xenobiotics in aquatic invertebrates [7, [13] [14] [15] [16] . For these reasons, sulfation of glucose conjugates may add an important signal for excretion or sequestration of xenobiotics for aquatic invertebrates.
Conclusions
In conclusion, the freshwater shrimp decapoda; atyidae; C. multidentata, N. denticulate and P. compressa metabolize pyrene to glucose-sulfate conjugates that have not been reported in other organisms. Sulfation of glucose conjugates may add an important signal for excretion or sequestration of xenobiotics from these organisms. On the other hand, metabolic responses of xenobiotics show a large degree of variation in invertebrates as compared to vertebrates. This may be due to the differences in evolution and adaptation processes in various environments between invertebrates. Knowledge regarding the metabolic mechanisms in each species could help in elucidating their evolution and adaptation processes, and thus their tolerance to environmental toxins. To gain further understanding of the toxic effects of xenobiotics on aquatic invertebrates, further studies are needed to elucidate these mechanisms. C. multidentata, N . denticulate, and P. compressa, respectively. Seven characteristic peaks (peak-a, peak-b, peak-c, peak-d, peak-e, peak-f, and peak-g) were observed in pyrene exposure treatment groups, but not in the controls. Excitation (EX) and emission (EM) wavelengths for FD were 343 nm and 385 nm, respectively. The gradient program of HPLC (acetonitrile concentration) is also shown in A (right axis). Figure 2 : Electrospray ionization MS spectra of peak-e, peak-f, and peak-g. Peak-e, peak-f, and peak-g showed dominant masses of m/z 439, m/z 459, and m/z 297, respectively. 
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